We investigate the effect of Ni doping on the Fe-site in single crystals of the magnetic superconductor RbEuFe4As4 for doping concentrations of up to 4%. A clear suppression in the superconducting transition temperature is observed in specific heat, resistivity and magnetization measurements. Upon Ni-doping, the resistivity curves shift up in a parallel fashion indicating a strong increase of the residual resistivity due to scattering by charged dopand atoms while the shape of the curve and thus the electronic structure appears largely unchanged. The observed step ∆C/Tc at the superconducting transition decreases strongly for increasing Ni doping in agreement with expectations based on a model of multi-band superconductivity and strong inter-band pairing. The upper critical field slopes are reduced upon Ni doping for in-as well as out-of-plane fields leading to a small reduction in the superconducting anisotropy. The specific heat measurements of the magnetic transition reveal the same BKT behavior close to the transition temperature Tm for all doping levels. The transition temperature is essentially unchanged upon doping. The in to out-of-plane anisotropy of Eu-magnetism observed at small magnetic fields is unaltered as compared to the undoped compound. All of these observations indicate a decoupling of the Eu magnetism from superconductivity and essentially no influence of Ni doping on the Eu magnetism in this compound.
I. INTRODUCTION
The family of iron-based superconductors has been constantly growing, now comprising many members of the so-called 11, 111, 1111 and 122 materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . In the majority of these materials, superconductivity arises from an antiferromagnetic parent compound upon electron, hole or isovalent doping or mechanical pressure 1,2,4-14 . The so-called 1144 compounds with composition AAeFe 4 As 4 (A = K, Rb, Cs; Ae = Ca, Sr, Eu) [15] [16] [17] [18] [19] form the most recently discovered members of this family. In these materials, the large difference in the ionic radii of the A and Ae atoms leads to the formation of alternating A and Ae-layers between the Fe 2 As 2 -planes producing an asymmetric environment for the Fe 2 As 2 -layers. Contrary to the doped 122 compounds, the 1144 compounds are superconducting in their stoichiometric state with T c reaching ≈ 37 K. A formal charge count yields that stoichiometric 1144 are intrinsically hole doped to ≈ 0.25 holes/Fe, close to the doping level that yields optimum T c in the 122 compounds. Recently, it has been realized 20 that the high purity and symmetry properties of 1144 materials such as CaKFe 4 As 4 may open a new platform for the observation of topological bandstructures and Majorana zero modes. The AEuFe 4 As 4 compounds represent a peculiar subgroup of this new family as the planes of Eu
2+
ions can order magnetically as has been shown previously in EuFe 2 As 2 [21] [22] [23] [24] [25] . Initial experiments on polycrystalline RbEuFe 4 As 4 samples indicate ferromagnetic in-plane ordering at 15K deep within the superconducting phase (T c = 37 K) 17, 18 . Recent studies on single crystals 26 affirmed these findings and allowed for the study of the magnetic and superconducting anisotropy 27, 28 , demonstrating a low superconducting anisotropy of 1.8, highly anisotropic quasi-2D Eu-magnetism, and an associated Berezinskii-Kosterlitz-Thouless (BKT) transition of the Eu 2+ moments. Large upper critical fields were observed in pulsed field measurements 29 . Recent neutron scattering data indicate a modulated, possibly helical stacking of ferromagnetic Eu-layers along the c axis with a period of four c-axis lattice constants 30 . Furthermore, a study on polycrystalline samples 31 revealed that T c is suppressed upon Ni-substitution on the Fe-site, while the magnetic ordering temperature is unchanged. Meanwhile, Ca-substitution on the Eu-site 32 suppressed the magnetic ordering temperature in polycrystalline samples without changing T c . These results and recent high pressure studies 33 suggest an almost complete decoupling of superconductivity hosted by the Fe 2 As 2 planes and magnetism within the Eu layers. This model system therefore provides an ideal playground to selectively tune the relative importance of magnetism and superconductivity, rendering these compounds promising for further investigations. In this work we investigate single crystals of Ni-doped RbEuFe 4 As 4 with a particular focus on the anisotropy of the superconducting and magnetic transition and its doping dependence.
FIG. 1. XRD measurements of (00l) peaks on single-crystal RbEu(Fe1−xNix)4As4 for x = 0.00 (black), x = 0.02 (blue), x = 0.03 (orange), x = 0.04 (green). As doping increases, the lattice peaks systematically shift to higher angles as the lattice shrinks; compare table I. The inset shows the (009) peak. The asterisk marks a small amount of 122-phase compound that grows at the surface of the 1144-phase. No other phases have been observed.
II. EXPERIMENTAL METHODS
High quality single crystals RbEu(Fe 1−x Ni x ) 4 As 4 were grown out of RbAs flux with a similar method to the one used for the undoped RbEuFe 4 As 4 in Ref. 26 . In order to provide the Ni doping, an extra NiAs precursor was synthesized by reacting Ni and As powder under a 1:1 ratio in an evacuated quartz tube at 823K for 12 hours. The sintered NiAs precursor was then ground into a fine powder in an agate mortar. To achieve a nominal Ni doping x (x = 0.03, 0.05, 0.07), EuAs:Fe 2 As:NiAs:RbAs = 1:1-x:2x:15 were used for the RbAs flux growth. After the growth the RbEu(Fe 1−x Ni x ) 4 As 4 crystals are obtained by removing the RbAs flux with reagent alcohol. This procedure yields thin flat plates with typical sizes of 300 × 300 × 50µm 3 , with the tetragonal [110] and [110] orientations parallel to the long edges, and the [001] orientation perpendicular to the plate.
We performed x-ray diffraction (XRD) measurements on single crystals using a Powder X-ray PANalytical diffractometer X'pert with a Cu-K α source. Plate-like crystals were well oriented in a flat zero-background single crystalline silicon sample holder to make sure that peaks with the index (00l) were observed, see Figure  1 . Magnetization measurements were performed in a Quantum Design MPMS-7 system with samples mounted in a notched quartz rod for H [001] and on a smooth quartz rod for H [110]. For low-field measurements, careful background field calibration was performed prior to each run with a Pd reference sample. For magnetotransport measurements, four-bar gold patterns were deposited onto thin rectangular-shaped crystals with the help of a shadow-mask technique then thin gold wires were attached onto the gold bars with silver epoxy. The measurements were performed inside a 9 − 1 − 1T 3-axis AMI superconducting vector magnet in a 4-point geometry and applying DC currents of 1 mA along the in-plane direction. The ac specific heat is measured on a SiN calorimetric membrane 34, 35 . For this purpose, a small (≈ 100 × 100 × 25µm
3 ) platelet-shaped single crystal was mounted on the nanocalorimeter platform with apiezon grease and inserted into the same three axis superconducting vector magnet as used for resistivity measurements. The sample was then subjected to a small oscillatory heating current with frequencies usually in the range of 1Hz and the response of the sample was measured using a SynkTek MCL1-540 multichannel lock-in system.
III. EXPERIMENT

A. Diffraction
We used Energy-dispersive X-ray spectroscopy (EDS) to determine the actual Ni content of the RbEu(Fe 1−x Ni x ) 4 As 4 single crystals. For this, about 10 crystals from each doping series were investigated. We found that the nominal dopings of x = 0.03, x = 0.05, and x = 0.07 correspond to an actual doping concentration of x = 0.02, x = 0.03, and x = 0.04 respectively; from here on, samples will be referred to by their average EDS doping values. The spread of doping concentrations in any batch is around ± 0.1 %. In XRD measurements using Cu-Kα1 radiation we observe (00l) peaks of the of the single-crystal RbEu(Fe 1−x Ni x ) 4 As 4 with doping levels of x = 0.00 (black), x = 0.02 (blue), x = 0.03 (orange), x = 0.04 (green), as shown in Fig. 1 . With increasing doping, the lattice peaks systematically shift to higher angles, see inset of Fig. 1 where the (009) peak is shown. This indicates a shrinking of the c-axis lattice constant.
FIG. 3.
Temperature dependence of the resistivity of RbEu(Fe1−xNix)4As4 in in fields of up to 9T. Upper panels are for fields in-plane, lower panels for fields along the c axis. The color code is the same for all panels. For all doping level, the superconducting transition is suppressed and broadens with increasing fields, more for fields along the c axis then for in-plane fields. The suppression with fields gets larger for increasing Ni doping. The temperature axis of all panels spans 5 K whereas the vertical axis is adjusted to accommodate the large increase in resistivity with doping.
We determine the c-axis lattice parameter from leastsquares fits with a zero-shift parameter of all observed peaks as shown in Fig. 1 . We estimate the uncertainty to be less than 7 × 10 −4Å . A few samples show a small amount of nonsuperconducting Eu122-impurity phase that grows on the surface of the RbEuFe 4 As 4 crystals. No other impurity phases were observed. The c axis decreases almost linearly with increasing Ni-doping at a rate of ≈ −8 × 10 −3Å /%Ni which is in good agreement with low-doping data on polycrystalline samples 31 and is consistent with Vegard's law implying the uniform incorporation of Ni.
B. Resistivity Figure 2 shows the temperature dependence of the in-plane electrical resistivity ρ ab of single crystals of RbEu(Fe 1−x Ni x ) 4 As 4 at different doping levels. The superconducting transition temperature T c is clearly suppressed upon increasing Ni doping at a rate of ≈ -2.4 K/%Ni, consistent with the polycrystalline data at low Ni-doping 31 . In all samples the resistive transitions remain sharp with a transition width below 0.5 K, indicating uniform doping and single-phase material. As seen in the inset of Fig. 2 , the salient effect of Ni-doping is the remarkable parallel upwards shift of the resistivity curve. The resistivity at T c vs. T c can be seen in the inset of Fig. 4 . While the residual resistivity increases strongly, the temperature dependence of the resistivity is not altered. In particular, an upturn (on decreasing temperature) of the resistivity which was observed around 30 K on polycrystalline samples 31 at doping levels of 3% and above and interpreted as the reemergence of the spin density wave on Fe, is not apparent in our data. As electron scattering by phonons as well as spin fluctuations depend on the details of the electronic band structure, our results imply that the effects of doping-induced changes of the band structure on electron transport are small. Recent first principals calculations 36 of the electronic properties of Ni-doped RbEuFe 4 As 4 revealed that Ni-doping induces electron doping accompanied by an upwards shift of the Fermi energy. For 6.25% Ni, the partial density of states derived from the Fe-d x(y)z , d z 2 and d x 2 −y 2 orbitals were found to decrease by approximately 10 to 20% while for the d xy states it increases by 4%. Since T c depends exponentially on the density of states, these small changes result in a clear suppression of T c . In contrast, the resistivity depends much weaker on the density of states, and the large observed increases of the resistivity are attributable to enhanced disorder scattering due to the charged Ni-dopants. For all doping levels, we do not observe a reentrant resistive state associated with the onset of Eu sublattice magnetic order; Temperature dependence of C/T of RbEu(Fe1−xNix)4As4 in zero field. A clear step marks the onset of superconductivity, while the magnetic transition of the Eu moments is seen as a kink around Tm = 15K.
this is in agreement with earlier reports on the polycrystalline material 31 but in contrast to other Eu-containing iron-based superconductors e.g. Eu(Fe 1−x Ir x ) 2 As 2 37 . Fig. 3 shows the the superconducting transitions of the pristine and doped samples in in-plane (top row) and out-of-plane fields (bottom row). For all samples, the field-induced suppression and broadening of the superconducting transition is stronger for fields along the c-axis then for in-plane fields and also increases for increasing Ni content yielding a modest superconducting anisotropy of 1.8 in the pristine sample which slightly decreases upon Ni-doping (see below, Fig. 7 ). The superconducting transition temperature as a function of field was extracted as the mid-point of the transition and is used to construct the phase boundaries, which can be seen in figure 7 . The high-field transitions of the pristine sample are characterized by an unusual sharpening on decreasing temperature, clearly seen in the 9T c -data. This feature is associated with the vortex lattice melting transition 38 and is suppressed due to the increased disorder in the doped samples. Furthermore, the negative normal state magnetoresistance that is clearly seen in the pristine sample (see also Ref. 27 ) is strongly reduced with increasing Ni-doping, consistent with the increase in impurity scattering. Figure 4 shows the zero field specific heat of the pure RbEuFe 4 As 4 and for the three different Ni doping levels. Due to the small sample size, the determination of the molar volume for each sample introduces uncertainties. Therefore, in order to facilitate the comparison of the data from different samples, we scale the normal state molar specific heat of the Ni-doped samples to the normal state specific heat of the pure RbEuFe 4 As 4 compound. This step is motivated by the observation that substitut- ing Fe by Ni induces essentially no change in the lattice specific heat and very little in the normal state electronic specific heat. The two clear features in C/T are (i) a step signaling the superconducting phase transition at T c and (ii) a kink at the magnetic transition temperature T m while the superconducting transition temperature is clearly suppressed-both in temperature and in step-height-upon increasing Ni doping, the shape and transition temperature T m of the magnetic transition change only weakly. Even for the largest Ni concentrations investigated here, the Eu moments order below the superconducting transition. Consistent with the resistivity data, there is no additional feature in the specific heat between 2 K and room temperature that would indicate a spin-density wave (on the Fe site) as is seen in most 122 parent compounds [3] [4] [5] [6] [7] [8] [9] 22, 25, 39 . Figure 5 shows the superconducting contribution to the specific heat of the four samples obtained by subtracting a linear extrapolation of the normal state data above T c . The transition temperature decreases from T c = 36.9K for the undoped compound to T c = 26.7K for 4% Ni doping. While the step height is reduced from 0.23 J/mol K 2 to 0.12 J/mol K 2 . The evolution of the step size with Nidoping can be seen in inset of figure 4. In single-band weak-coupling BCS theory, the specific heat anomaly is given as ∆C/T c = 1.43γ n , where γ n is the Sommerfeld coefficient of the electronic specific heat. Thus, the rapid suppression of ∆C/T c with Ni-doping would indicate a strong reduction in the density of states, contrary to the transport data (see above). Alternatively, however, a strong dependence of ∆C/T c on T c has been observed in a wide variety of iron-based superconductors, a phenomenon known as the BNC scaling 40 . It is believed that this behaviour arises in multi-band superconductors with strong inter-band pairing interaction 41 and thus might be responsible for the strong reduction in ∆C/T c . Figure 6 shows C/T of the three Ni-doped samples in fields of up to 9T applied along the c-axis. In analogy to the magnetotransport data in Fig. 3 , with increasing fields, the superconducting transition is suppressed and broadened. The broadening in field is considerably larger for the higher doped samples. At the same time, the magnetic transition transforms from a kink into a crossover that moves to higher temperatures in increasing field. The associated specific heat contribution due to strong magnetic fluctuations persists far above the superconducting transition. Previous specific heat measurements on pristine RbEuFe 4 As 4 revealed a step in C/T slightly below the superconducting transition 38 that lines up with the steep drop in the resistance and is a signature of the vortex lattice melting transition. Inset (e) of Fig. 6 shows C/T (normal state background subtracted) measured in 3 T for 0, 2% and 3% Ni doping. In the pristine sample the additional step below T c (marked by the dotted line) indicates the vortex lattice melting. Upon Ni-doping, this feature is suppressed due to increased impurities and pinning sites in the sample which is consistent with the evolution of the magnetoresistance.
C. Specific Heat
We have extracted the superconducting phase boundaries of the superconducting transition using an entropy conserving construction 42 and plotted it together with those obtained from resistive mid-points and magnetization, see Fig. 7 . The agreement between resistivity and specific heat derived data is generally good. The difference in T c for the 3% sample can be attributed to measurements on crystals from different batches having slightly different doping levels. The upper critical field slopes dH c2 /dT for both in-plane and out-of-plane fields are suppressed with increasing Ni doping. Taking the resistivity data, we observe that the c-axis upper critical field slope decreases from around 4 T/K for the undoped sample to 3.3 T/K for 4% doping, whereas the in-plane direction changes from 6.3 T/K (x = 0.00) to 5 T/K (x = 0.04). This results in a 
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FIG. 8. Specific heat near the magnetic transition for 0% (a), 2% (b), 3% (c), and 4% (d) Ni doping. A 9 T background curve has been subtracted. The transition temperature Tm = 15 K, here the peak in C, appears unchanged upon Ni doping as does the shape of the transition. Small fields along the c axis shift the transition to lower temperatures while fields in-plane transform the transition into a cross-over that moves to higher temperatures. e) shows the phase diagram extracted from specific heat, magnetization and resistivity for the magnetic and superconducting transitions in zero field upon increasing Ni-doping.
small reduction of the superconducting anisotropy from Γ = (dH ab c2 /dT )/(dH) c c2 /dT ) = 1.6 to Γ = 1.5. Naively, one would expect that with increasing disorder, as is suggested by the strong increase of the residual resistivity, the upper critical fields H c2 and dH c2 /dT increase as the coherence length decreases. However, T c decreases also with Ni-doping. Since our data are taken close to T c , we present simple estimates using the Ginzburg-Landau formalism giving H c2 (T ) = Φ 0 /2πξ 2 (T ). In the clean limit, ξ(0) < l = v F τ with l, v F and τ the electron mean free path, the Fermi velocity and scattering time, respectively, the coherence length is given by the BCS coherence length ξ(0) = 0.74ξ
Thus, assuming that changes in the electronic structure are not dominant (see above), the upper critical field and the slope of it indeed decrease with decreasing T c , that is, with increasing Nidoping. The same conclusion would also be reached in the dirty limit, when the coherence length is given as
Since ρ ∝ 1/τ is proportional to T c (with an offset) one again finds to leading order H c2 (0) ∝ T 2 c2 and a slope that decreases with increasing Ni-doping.
In order to gain insight into the nature of the magnetic transition, we performed detailed specific heat measurements in the close vicinity of the transition. In zero field, the transition is characterized by a kink in the specific heat for all doping levels, a non-singular behavior that was already observed for the undoped compound and identified as a BKT transition 28 . As noted above, the transition temperature of T m = 15 K is largely unaffected by the Ni doping. Applying small fields along the c axis shifts the magnetic transition to lower temperatures while applying the field in the plane replaces the transition with a crossover. The very similar fieldresponse of the specific heat of the doped samples (Fig.  8) and of the undoped samples (Ref. 28 ), leads us to conclude that Ni-doped RbEuFe 4 As 4 , just as the stoichiometric compound, belongs to the universality class of the anisotropic 2D XY model, with the Eu-moments having an easy-plane anisotropy, strong ferromagnetic intralayer coupling and very weak interlayer interactions leading to the BKT transition of the moments in the plane near T m = 15 K. This transition will be suppressed to lower temperatures for fields along the c axis, whereas it will be replaced with a broad crossover at higher temperatures for fields in the plane since any field in the plane destroys the rotational symmetry necessary for a BKT transition.
D. Magnetization
We study the magnetic state of RbEu(Fe 1−x Ni x ) 4 As 4 by measuring the zero field-cooled (ZFC) and field cooled (FC) temperature dependence of the magnetization in different applied fields as well as the field dependence of the magnetization at different temperatures with the field applied perpendicular or parallel to the c axis. Fig.  9 shows ZFC and FC measurements of magnetic susceptibility, χ = M/H, for x = 0.00, 0.02, 0.03, and 0.04 with H = 10G applied along [001]. Slight differences in demagnetization factors may cause variations in the absolute magnitude of susceptibility. As doping increases, the onset of diamagnetism-taken as T c -monotonically decreases from 36.5K to 27.5K, in agreement with the resistivity and the specific heat data. Due to the plate like sample geometries, magnetization data for H [001] contains large superconducting contributions, making the Eu magnetism difficult to discern in this geometry.
Applying magnetic fields along [110] decreases the contribution of diamagnetism, allowing for a more pronounced development of the Eu magnetism, as shown in Fig. 10 . In the magnetization measurements, we find that T m , defined as the peak in the ZFC susceptibility below T c , is slightly suppressed from 15.3K to 15.0K by low Ni doping. This is in rough agreement with the specific heat data showing that the magnetic ordering temperature is essentially independent of Ni-doping.
In higher fields, the magnetic susceptibility for FC measurements at all doping levels is qualitatively very similar to the undoped compound 27 as shown in Fig. 11 . In 0.1 T we observe a large anisotropy in the low temperature susceptibility with χ ab χ c under FC conditions for which vortex pinning effects are small. Thus, the strong easy-plane anisotropy of the Eu-moments observed in the undoped compound is preserved with Nidoping. At 1 T and above 50 K the data are well described by a Curie-Weiss law χ(T ) = χ 0 + C/(T − Θ c ), yielding Θ c near 23 K and an effective moment µ eff = 2.837C
1/2 close to the expected Eu 2+ effective moment of µ eff = gµ B S(S + 1) = 7.94µ B /Eu (with g = 2 and S = 7/2) suggesting that these low levels of Ni doping do not substantially affect the Eu magnetic interactions as expected in numerical simulations 36 . Fit values are shown in table I. The higher value of µ eff found for x = 0.03 is likely due to surface EuFe 2 As 2 phase on the sample, which would contribute twice as much Eu per volume as the 1144 phase would. The positive CurieWeiss temperature values suggests predominantly ferromagnetic interactions between the Eu-moments consistent with what has been seen in the undoped compound. Within a 2D Heisenberg model that includes in-plane versus out-of-plane spin anisotropy 28 , the anisotropy of the Curie-Weiss temperatures between in and out-of-plane fields is a measure of the anisotropy of the Eu spins. It is essentially unchanged upon Ni doping consistent with the data obtained at low temperatures. . For µ0H = 0.1T, the large in-to out-of-plane anisotropy is present at all doping levels. The right-hand axis in each panel plots the inverse susceptibility measured for fields of 10 T; the low-temperature behavior is more isotropic, and the high-temperature (> 50K) data can be well described by Curie-Weiss behavior. The insets show the as-measured magnetization hysteresis loops. At high fields, the saturation magnetization approaches ≈ 300 emu/cm 3 , approximately that of the pristine material. In all measurements, the slope of the magnetization increases as Tm is approached from above, and decreases for T < Tm as the magnetic lattice becomes stiffer. The insets of Figs. 12 (a)-(f) show magnetization hysteresis loops measured at 5 K for in and out-of-plane fields. The superposition of a hysteretic superconducting signal and a ferromagnetic-like signal is clearly seen, especially for H [001] . The large sample cross-section and high critical current density for H [001] makes this an expected behavior. In comparison to the x = 0.02 and x = 0.04 samples, the x = 0.03 sample displays a lower superconducting hysteresis corresponding to weak pinning which suggests less disorder. Assuming that the superconducting hysteresis is symmetric about the equilibrium magnetization curve and that the magnetic hysteresis of the Eu spins is negligible as was found in the nonsuperconducting parent compound EuFe ration magnetization reaches ≈ 300 emu/cm 3 (compare table I) corresponding to 6.4 µ B /Eu, comparable to the expected full moment. Some excess moment was found for the x = 0.03 sample, that can again be attributed to an impurity EuFe 2 As 2 phase. Additionally, differences from the free moment value may arise from the approximation of the hysteresis model.
The 5 K Eu-sublattice magnetization curves for the three doping levels and a pristine sample in both field orientations are plotted together in Fig. 13 . In order to minimize the effect of variations from varying degrees of hysteresis and from uncertainties in sample volume, we normalize each curve to its value at 6 T. There is no systematic change with doping of the saturation field in either orientation, with saturation fields of H ab sat ≈ 0.21T and H c sat ≈ 0.8-1T for all doping levels, consistent with the pronounced easy-plane magnetic anisotropy.
IV. CONCLUSION
We have studied the effect of up to 4% Ni doping on the Fe-site in the magnetic superconductor RbEuFe 4 As 4 in specific heat, resistivity and magnetization measurements. We observe a clear suppression of the superconducting transition temperature T c . Upon Ni-doping, the resistivity curve shifts up in a parallel fashion indicating a strong increase of the residual resistivity due to scattering by charged dopant atoms while the electronic structure appears largely unchanged. The observed step ∆C/T c at the superconducting transition decreases strongly for increasing Ni doping in agreement with BNC scaling. The upper critical field slopes are reduced upon Ni doping for in-as well as out-of-plane fields leading to a small reduction in the superconducting anisotropy. Specific heat measurements of the magnetic transition reveal the same BKT behavior close to the transition temperature T m for all doping levels with the transition temperature essentially unchanged and the in-to out-of-plane anisotropy of Eu-magnetism observed at small magnetic fields is unaffected. All of these observations indicate a decoupling of the Eu magnetism from superconductivity and essentially no influence of Ni doping on the Eu magnetism in this compound. These findings are in line with recent first principles calculations 36 indicating that the coupling between the Eu-moments is mediated by the RKKY interaction via the Fe-d z 2 orbitals which were found to be remarkably insensitive to Ni-doping. 
